Abstract. Dairy cow infertility negatively affects profit of dairy production enterprises around the world, and enhancing conception rates of dairy cows is a critical management issue to resolve. It appears that conception rates of dairy cows are attenuated due to reduced progesterone concentrations in circulation during growth of the ovulatory follicle. It is not clear how reduced progesterone influences fertility, but data presented in this brief review suggest that it can be somewhat reversed through increasing concentrations of progesterone during the growth of the ovulatory follicle before luteolysis. Ovsynch protocols may be utilised to enhance progesterone concentrations through the induction of an accessory corpus luteum (CL) following the initial gonadotropin-releasing hormone (GnRH) treatment. Cows at Day 13 of the oestrous cycle with a 7-day-old accessory CL had ,50% more progesterone at the time of prostaglandin injection of Ovsynch compared with cows with only a Day 13 CL. Ovsynch can consistently induce an accessory CL following the initial GnRH treatment if cows are on Days 6 or 7 of the oestrous cycle at the time of treatment. Pre-synchrony strategies are critical to enhance the probability that cows will be on Days 6 or 7 at first GnRH treatement of Ovsynch.
Introduction
Infertility of the lactating dairy cow continues to be a critical problem limiting profitability and sustainability of dairy farms (Lucy 2001; Washburn et al. 2002) . Reproductive performance of lactating dairy cows is dependent on service rate (or oestrus detection rate), fertility of the service sire and maternal fertility. Service rate can be controlled utilising gonadotropin-releasing hormone (GnRH)-based (Ovsynch) technology ( Fig. 1 ; Pursley et al. 1995 Pursley et al. , 1997 . The majority of dairy producers in the USA regulate time to first and subsequent artificial inseminations (AI) with Ovsynch technology (USDA 2009). High fertility sires can be chosen utilising the USDA-ARS sire conception rate summaries. Yet maternal fertility, defined as the mother's ability to ovulate a competent oocyte and provide an oviducal and uterine environment capable of fertilisation and complete embryonic and fetal development, continues to be the key limiting factor for profitable reproductive performance in lactating dairy cows.
Conception rates of lactating dairy cows are ,30% (J. R. Pursley, unpubl . data) compared with 60% in virgin dairy heifers (Pursley et al. 1997; Roth et al. 2008 ) when inseminated following a detected oestrus. Increasing conception rates of lactating cows to that of heifers would allow producers to employ the most profitable calving interval strategies for cows with different production levels, and increase profit. Aspects of maternal fertility that limit conception and embryonic/fetal development are not well understood. Yet it appears that Ovsynch technology may be able to be modified to address these issues. A significant change in circulating concentrations of steroid hormones takes place following the transition from heifer to lactating dairy cow. Circulating concentrations of progesterone (P4) in lactating dairy cows are nearly half the levels detected in nulliparous heifers (Sartori et al. 2004) . This difference in circulating P4 appears to influence follicle growth by prolonging the age of the ovulatory follicle via reduced negative feedback of P4 on pulses of luteinising hormone (LH; Roche and Ireland 1981) . Allowing more LH pulses to occur may drive the growth of a dominant follicle (DF) similarly, but likely not to the extreme, as with a persistent follicle. Oocytes from this potentially LH over-stimulated ovulatory follicle may have similar characteristics to a persistent follicle and may be less competent to fertilise and/or develop into a competent embryo compared with oocytes from animals with higher concentrations of P4 (Sartori et al. 2002a) . This paper will focus on how increasing circulating concentrations of P4 before prostaglandin F 2a (PGF)-induced luteolysis during Ovsynch may significantly enhance fertility of lactating dairy cows. Our data strongly suggest that initiating Ovsynch on Days 6 or 7 of the oestrous cycle induces ovulation to the first GnRH more than 90% of the time and induces an accessory corpus luteum (CL), thereby increasing concentrations of P4 before PGF-induced luteolysis 7 days later (Bello et al. 2006) . Inducing ovulation and a new accessory CL also induces a new follicular wave and the growth of a new DF. This allows for greater control of ovulation of a young, yet mature ovulatory follicle.
Effect of low P4 on ovarian dynamics and fertility of lactating dairy cows
The problem During the past 50 years, conception rates of lactating dairy cows in the USA have decreased from ,60% (Foote 1952; Herman 1956 ) to 30% (López-Gatius 2003; Macfarlane 2003) , while conception rates in heifers remained steady at ,60% (Herman 1956; Pursley et al. 1997) . During that time milk production per cow and dry matter intake have increased linearly (Washburn et al. 2002) . Published data now indicate that high dry matter intake in high-producing dairy cows results in increased blood flow to the liver and increased steroid metabolism (Sangsritavong et al. 2002) . Even though lactating dairy cows have larger ovulatory follicles and CL than nulliparous heifers, circulating concentrations of oestradiol (E2) and P4 are significantly less in cows compared with heifers (Sartori et al. 2002b ). In addition, there are clearly greater concentrations of E2 and P4 in mature beef cows compared with mature lactating dairy cows (Twagiramungu et al. 1992) . This difference can only be explained by differences in level of milk production and dry matter intake. Thus, the modern high-producing, lactating dairy cow is deficient in E2 and P4. This deficiency may be partly responsible for the decline in conception rates.
Evidence that low P4 may be responsible for the decline in conception rates of lactating dairy cows Treatments that maintain low concentrations of P4 (1-2 ng mL À1 ) for an extended period cause prolonged growth and dominance of the DF, and can be made to persist longer than the lifespan of a normal DF (Sirois and Fortune 1990; Adams et al. 1992; Savio et al. 1993; Mihm et al. 1994; Bridges and Fortune 2003) . When the persistent DF is allowed to ovulate, fertility is decreased in comparison with younger ovulatory follicles (Savio et al. 1993; Stock and Fortune 1993; Mihm et al. 1994; Cooperative Regional Research Project 1996; Revah and Butler 1996) . Sub-luteal levels of P4 during a prolonged period increase frequency of LH pulsatility (Roberson et al. 1989; Kojima et al. 1992) . As a result, the oocyte housed in this persistent DF may resume meiosis while still contained in the follicle and could undergo premature nuclear maturation. Histological characteristics of these persistent DFs indicate that the oocyte undergoes early germinal vesicle breakdown and continues a progression through the cell cycle towards metaphase I or II (Revah and Butler 1996; Mihm et al. 1999) . By the time of ovulation of the persistent follicle the oocyte has already matured and aged resulting in reduced fertility, which may be explained either by low fertilisation rates (Fugo and Butcher 1966; Butcher and Fugo 1967) , high early embryonic mortality (Ahmad et al. 1995) or both. In a normal oestrous cycle, lactating dairy cows have about half the circulating concentrations of P4 to that of heifers (Sartori et al. 2004) . We hypothesise that follicles that grow in this environment may have similar characteristics to persistent follicles that grow under slightly lower concentrations of P4. Thus, increasing P4 by utilising Ovsynch technology to induce an accessory CL may resolve this problem. Our data indicate that, compared with a normal oestrous cycle, inducing an accessory CL during Ovsynch increases serum P4 from 3.5 to 5.2 ng mL À1 , which increases the likelihood that the ovulatory follicle will emerge (J. R. Pursley, unpubl. data), deviate from subordinates and develop into a DF. These data indicate that the higher the P4 before PGF-induced luteolysis, the higher the conception rates.
Overview of Ovsynch
This overview of Ovsynch intended to describe the potential outcomes of each injection of hormone within the Ovsynch protocol and the reasons for each outcome. It provides the basis for why cows must be on Day 6 or 7 of the oestrous cycle when Ovsynch is initiated, and thus why an efficient presynchronisation programme is essential to achieve the goal to induce accessory CL and increase P4 before PGF-induced luteolysis (Fig. 2) . Ovsynch is based on three treatments: the first treatment, 100 mg of GnRH, in absence of pre-synchrony programmes, is administered at a random stage of the oestrous cycle (Day 0). The intent of the first GnRH-induced LH surge is to induce ovulation of a mature functional DF (Pursley et al. 1995) . Cows with two follicular waves have an approximately 70% chance that a functional DF capable of ovulation is present in the ovaries at a random stage of the oestrous cycle. Ovulation of the DF induces the subsequent emergence of a new follicular wave ,1.5 days later (Pursley et al. 1995) followed by the growth and development of both a new DF and an accessory CL during the next 7 days. The new DF has an approximately 97% chance of remaining functional during the 7 days leading up to the PGF injection on Day 7, then continuing on to ovulation following the final GnRH-induced LH surge on Day 9, even if luteolysis following the PG is not complete (Pursley et al. 1995) . At random stages of the oestrous cycle, cows have an ,30% chance of being in early stages of follicular development (first or second wave) at a time when granulosa cells have not yet acquired sufficient LH receptors to respond to an LH surge (Garverick et al. 1985) . In this case, the first GnRH does not induce ovulation and the potential DF continues to grow, deviate from subordinates and develop as a DF (Pursley et al. 1995) . This DF has an approximately 80% chance of remaining functional before the PGF-induced luteolysis and subsequent increase in LH pulsatility that allows further development (Pursley et al. 1995) . If this DF remains functional until the time of PGF injection, it will continue to develop into a pre-ovulatory follicle and has a 97% chance of ovulation following the final injection of GnRH (Bello et al. 2006) . However, this follicle could be as much as 12 days from emergence. Thus, conception rates following the ovulation of this follicle could be attenuated due to the antral age of the follicle and oocyte. Approximately 20% of these follicles become atretic before the PGF injection. If this happens, a new wave will emerge generally just before the PGF and the largest follicle may deviate from subordinates, but this follicle may not have deviated from subordinates and acquired LH receptors before the final GnRH-induced LH surge (Garverick et al. 1985) . In this scenario, cows will likely have a natural oestrus that may or may not be detected several days after the timed-AI as the new DF develops under basal concentrations of progesterone into an ovulatory follicle. Conception rates from the timed-AI in this case would be near 0%. Thus, it is critical to control ovulation of a DF in response to the first GnRH not only to induce an accessory CL and increase circulating P4, but to control the age of the DF and control ovulation to the final GnRH-induced LH surge and avoid the asynchrony of ovulation as described. To ensure that cows respond to the first GnRH-induced LH surge of Ovsynch, cows must be on Days 6 or 7 of the oestrous cycle (Bello et al. 2006) . Thus, it is absolutely imperative that cows be pre-synchronised before Ovsynch so that cows are on Days 6 or 7 of the oestrous cycle at the first GnRH of Ovsynch. The second treatment in the Ovsynch protocol, a luteolytic dose of PGF, is administered to induce luteolysis, thus enabling the DF of the new follicular wave to develop into a pre-ovulatory follicle. Our recent data indicate that lactating dairy cows only have a 77% chance of complete luteolysis before the final GnRH (Martins et al. 2011) . Even though cows have a high likelihood of responding to the final GnRH and ovulating, these data indicate that the chance of a pregnancy is 5% if circulating P4 at the time of the final GnRH is not less than 0.5 ng mL À1 . Also, when Ovsynch is initiated late in the oestrous cycle, there is a high likelihood that the CL may undergo natural luteolysis before the PGF injection. If this happens, cows may have a natural oestrus and ovulate early. If cows are not detected in oestrus and inseminated accordingly, conception rates may be significantly reduced following timed-AI due to the asynchrony of AI and ovulation, i.e. timed-AI may occur well after ovulation.
The third treatment in the Ovsynch protocol is 100 mg of GnRH. This additional GnRH treatment is administered 48-60 h after PGF injection to induce a pre-ovulatory LH surge, trigger ovulation of the functional DF 24-32 h later (Pursley et al. 1995) and release the oocyte to be fertilised following timed-AI. The chance of ovulation to this treatment is .95% even if luteolysis is not complete before this injection (Pursley et al. 1995) . As mentioned above, cows can have a synchronised ovulation but still not have a chance to become pregnant due to incomplete or prolonged luteolysis.
Evidence that P4 concentrations at time of PGF-induced luteolysis of Ovsynch are positively associated with fertility Fonseca et al. (1983) were the first to report that Holstein and Jersey dairy cows that became pregnant had higher concentrations of P4 in a 12-day period before AI compared with cows that did not become pregnant. In two studies conducted recently in our laboratory (Strickland et al. 2010; Martins et al. 2011) , P4 concentrations at the time of the PGF-induced luteolysis of Ovsynch had a substantial impact on the probability of a pregnancy in Holstein dairy cows (Fig. 3) . Thus, enhancing P4 concentrations before PGF-induced luteolysis is expected to enhance fertility. To induce an accessory CL following the first GnRH of Ovsynch, cows must be pre-synchronised (before Ovsynch) to ensure that cows are in a stage of the oestrous cycle that has both a high probability of ovulation of a DF to the first GnRH and control of subsequent luteolysis with PGF, i.e. before endogenous luteolysis. In two previous studies (Bello et al. 2006; Bello and Pursley 2007) of induction of accessory CL at Days 4, 5, 6, 7 or 8 of the oestrous cycle at the time of the first GnRH of Ovsynch. The Day 6 interval (referred to as G6G) was found to result in a significantly higher percentage of cows ovulating to the first GnRH and inducing an accessory CL compared with the other intervals. In cows that responded to both PGF and GnRH pre-synchrony treatments and were on Day 6 of the cycle at time of first GnRH of Ovsynch, 97% developed an accessory CL, had significantly higher circulating P4 concentrations and a greater probability of a pregnancy (Bello et al. 2006) .
Evidence that GnRH induction of accessory CL during Ovsynch increases P4 concentrations at time of PGF-induced luteolysis of Ovsynch Multiple strategies have been tested previously to increase P4 before the PGF injection of Ovsynch. In studies that used exogenous P4 (progestin-releasing vaginal devices) to achieve higher concentrations of circulating P4 before AI, there was no significant increase in P4 on the day of PGF-induced luteolysis of Ovsynch or in resulting conception rates of cycling cows (Stevenson et al. 2006) . In cycling cows receiving progesteronereleasing vaginal devices, i.e. controlled internal drug release (Pfizer), concentrations of P4 were 2.7 versus 2.8 ng mL À1 in cows without a progesterone-releasing vaginal device (Stevenson et al. 2006) . Thus, use of a progesterone-releasing vaginal device does not represent a viable strategy to increase P4 concentrations and enhance fertility in lactating dairy cows. We therefore examined the possibility that GnRH inducement of an accessory CL during Ovsynch could be used to more effectively enhance P4 concentrations. As mentioned above, when cows were on Day 6 of the oestrous cycle at the time of the first GnRH of Ovsynch, 97% ovulated a first wave DF and formed an accessory CL. When the PGF of Ovsynch was administered 7 days later, cows that ovulated had both a primary Day 13 CL and a Day 7 accessory CL and correspondingly higher circulating concentrations of P4 at that time, compared with cows that did not receive GnRH and only had a Day 13 CL (Fig. 4) . Thus, presence of a young (Day 7) accessory CL during Ovsynch positively impacts P4 concentrations before AI.
Summary
These data provide a basis for the concept that low progesterone in lactating dairy cows due to enhanced steroid metabolism may be the underlying cause of the low fertility that has plagued dairy herds for the past two decades. We have developed synchronisation strategies that partially solve this problem. Enhancing the percentage of cows that respond to the first GnRH of Ovsynch allows for more cows with an accessory CL, higher concentrations of circulating progesterone at time of induced luteolysis and a greater chance of the establishment of pregnancy. 
